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ABSTRACT
A real-time energy management display is developed and evaluated, and
the feasibility and utility of the display in providing real-time guidance and
information on the aircraft’s energy state was investigated. Flight simulations
were conducted with the UTSI Aviation Systems research flight simulator to
validate the display and evaluate its utility for flying along constant specific
excess power contours, and directly obtaining specific excess power contours
from level acceleration flight test. The display was evaluated for flying optimal
paths. This study considered the energy state of the aircraft from the point of view
of the relation that exists between specific excess power and the forces in flight.
The approach yields as one result a cubic function for the specific excess power,
Ps, of the aircraft. We then directly solve for velocity, V as the control parameter
for a given Ps, as a function of altitude, H. This technique is then used to build a
real-time energy management display that provides guidance and real-time
information of the aircraft’s energy state. Flight simulation results proved the
display to be successful in obtaining direct Ps contours from level acceleration
flight tests and in providing guidance for flights along constant Ps contours at low
airspeeds although it was difficult to keep the Ps constant. However flights along
zero Ps contours and along constant Ps contours at very high speeds were not
successful. The application of the display in flying optimal paths was also not
very successful with the current structure of the display. This was due to the fact
iv

that the display’s guidance information is provided in a digital format which is
very sensitive, and tracking a number for guidance is nearly impossible.
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CHAPTER 1: INTRODUCTION
Several approaches to obtain optimal climbs and investigations on the
practical benefits of energy management have been reported in recent and past
studies. This paper presents a study on the development and evaluation of a realtime energy management display. A real-time energy management display
provides real-time guidance and information on the energy state of an aircraft.
This information is useful in providing guidance to pilots in changing from one
combination of speed and altitude to another as well as the flight technique to
adopt during such maneuvers.
A method using the energy state of the aircraft that focuses on the relation
that exists between specific excess power and the forces in flight is presented.
Specific excess power is expressed as a cubic function. The velocity, V, in the
resulting equation can be solved for directly, as the control parameter. Since
velocity and altitude can be expressed in terms of kinetic and potential energies
respectively, a new technique of describing a combination of velocity and altitude
is investigated. The technique is programmed with the aid of “LabVIEW”
software [1] to build a real-time energy management display that provides useful
information about the energy state of the aircraft as well as in-flight guidance.
The approach has been successful in using velocity, V as the control
parameter to give guidance for flying along constant specific excess power
xii

contours. The display has been flight tested and evaluated in the UTSI’s Aviation
Systems flight simulator with an X-30 hypersonic aerospace plane and a Piper
Saratoga general aviation aircraft for supersonic and subsonic flights respectively.
From the flight simulation results, the display proved to be successful in obtaining
direct Ps contours from level acceleration flight tests and in providing guidance
for flights along constant Ps contours at low airspeeds although it was difficult to
keep the Ps constant. However flights along zero specific excess power contours
and along constant Ps contours at very high speeds were not successful. The
application of the display in flying optimal paths was also not very successful
with the current structure of the display. This was due to the fact that the display’s
guidance information is provided in a digital format which is very sensitive, and
tracking a number for guidance is nearly impossible.

1.1

Background
The practical benefits of energy management have been investigated and

demonstrated by Rutowski [2], Lush [3], Miele and Capillari [4], Bryson and
Munkund [5], Sederstrom [6], and many others. Rutowski and Lush were the first
to develop the methods of energy techniques. The technique was then used by
other researchers for different applications to the problem of aircraft climbs as
well as in the development of optimal climb paths. Sederstrom was the first to
apply the energy techniques in the development of an energy display. The studies
by these earlier researchers are further described in the next section.
2

1.1.2

Fundamentals of Energy Technique Theory
Rutowski’s [2] study considered the aircraft’s performance problem from

the point of view of the balance that exist between the potential energy and kinetic
energy change of the aircraft, the energy dissipated against drag and the energy
derived from the fuel. The form of the equation he used focused on the use of the
aircraft’s total energy rather than altitude as a significant independent variable in
the climb performance of high-speed aircraft. He then used the method of calculus
of variation to verify his solution and concluded that the path of minimum time is
the one that satisfies the condition,

(∂/∂V)[T − D)V/W] H=const.= 0

(1)

Where V denotes velocity, T is thrust, D denotes drag, W is the weight of the
aircraft and H denotes altitude. He used this equation and presented a method that
permits finding either the path of minimum time or minimum fuel to change from
one combination of speed and altitude to another. The method resulted in the
technique for acquiring a relatively high kinetic energy at low altitudes, where the
excess power is greatest for conversion, if necessary, into potential energy at high
altitudes. The technique used in the present study considers Rutowski’s total
energy concept with substitutions made for drag and velocity used as the control
parameter.
Lush [3] also examined the quickest way to change from one combination
of height and speed to another. Using the energy concept, he deduced a
geometrical presentation which clarified the choice of technique. His study
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contributed to the use of approximate solutions by using graphical-analytical
methods which were based on the concept of energy heights. The study threw
light on total energy, the sum of kinetic and potential energies. Since energy per
unit mass has the dimension of velocity-squared, Lush suggested a normalized
form,

ES ≡

E V2
=
+H
W 2g

(2)

Where Es denotes energy height, E denotes total energy, W is the weight of the
aircraft, V is velocity, g is the acceleration due to gravity and H denotes altitude.
Energy height in equation (2) is the height an airplane would achieve by
exchanging all of its kinetic energy to increase its potential energy. He made the
assumption that, variation in the kinetic energy of the aircraft may be neglected
and used the basic equation of longitudinal motion expressed in equation (3) to
derive his model.
T − D − Wsinγ =

W dV
g dt

(3)

He then simplified the equation by making substitutions for induced drag and
neglecting some terms in the solution. The technique holds energy constant and
maximizes specific excess power, Ps by choice of altitude. This technique results
in relatively high kinetic energy being acquired at low altitudes, where the thrust
available is high for conversion into potential energy at high altitudes. However,
the study noted that, the approximation is strictly applicable only when the
airspeeds used on the climb are low, and that its use in connection with jet
aircrafts, which climbs at higher airspeeds, is open to question. The present
4

method also uses the concept of energy heights but with a different approach.
Unlike Lush’s method, the present technique and the display developed is
applicable for both subsonic and supersonic flights since specific excess power is
specific to the aircraft being used.
Miele and Cappellari’s [4] research work analyzed the climbing program
of a rocket-powered aircraft with regards to minimum time trajectories. The
indirect method of calculus of variation was used to show that, if the centripetal
acceleration was neglected in the equation of motion, the totality of extremal arcs
are composed of a number of constant path inclination sub arcs plus one variable
path inclination sub arc. Sub arcs are the optimal path (curves) which they
obtained by transformation of the equation of motion. The model used in this
study was based on the hypothesis that total drag is a function of altitude, velocity
and lift as expressed in equation (4).

D = D O (H, V) + D i (H, V, L) = D(H, V, L)

(4)

A solution in a closed form for the variable path inclination sub arc was obtained
by using a suitable hypothesis for the drag function. The transition path from a
subsonic region to a supersonic region was studied and its optimum configuration
analytically predicted. A method was then developed for connecting the sub arcs
resulting from the Euler equations into the extremal arcs, minimizing the climbing
time. The study considered a rocket-powered aircraft operating at a constant
engine mass flow and the induced drag was accounted for in the general
treatment. Analytical methods were then developed for predicting the optimum
flight path valid for the case where both the zero-lift drag coefficient and the ratio
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of induced drag coefficient to the square of lift coefficient are arbitrarily specified
functions of the Mach number. The study proved that the totality of the extremal
arcs included a number of constant path inclination sub arcs and a number of
variable path inclination sub arcs. The optimum altitude for transition from
subsonic to the supersonic branch of the solution was then successfully
determined. Miele noted that optimum paths are controlled by nonlinear systems
of differential equations which are integrable only by approximate methods.
However, the present method defines optimal paths using a simplified model of
the energy concept and avoids the use of the complex methods of calculus of
variation, approximate solutions and indirect variational procedures used in past
studies.
Bryson and Munkund’s [5] study focused on energy-state approximation
in performance optimization of supersonic aircraft. The study applied the equation
of motion to a model for performance prediction where a point mass model for
motion in a vertical plane was considered. The model used range from a pointmass quasi-steady representation to models that include deflections of the
airframe. The following five equations of motion were used for the model;
•

m V = T cos(α + φT ) − D − mg sinγ
•

m V γ = T sin(α + φT ) + L − mg cosγ
•

H = V sinγ

6

(5)

(6)

(7)

•

x = Vcosγ

(8)

•

(9)
Where the state variables are velocity, V, flight path angle, γ, altitude, H,
m = −f

horizontal range, x, mass, m, and where φT denotes the thrust angle. The model
developed was based on the fact that thrust is a function of velocity and altitude;
drag is a function of velocity, altitude and angle of attack; lift is a function of
velocity, altitude and angle of attack; and fuel flow rate is a function of velocity
and altitude. The method was applied to aircraft capable of only subsonic speeds.
The quasi-steady approximation neglected acceleration for adequate performance
analysis. They improved the accuracy of the method by treating velocity and
altitude as state variables with flight path angle as the control variable.
Acceleration normal to the flight path was neglected and the resulting
approximate equilibrium equation used to determine the angle of attack. The
paper suggested a further accurate approximation by treating velocity, altitude and
flight path angle as state variables with angle of attack as a control variable, and
mass approximated as a function of time. The final most accurate approximation,
short of considering motion relative to the center of mass, was presented by
treating velocity, altitude, flight path angle and mass as state variables and angle
of attack as a control variable. In minimizing the time of climb to a given altitude
and velocity using the energy state approximation method, total energy per unit
mass, Es is considered a state variable and altitude was expressed as,
⎛
V2 ⎞ 1
⎟
H = ⎜⎜ E s −
2 ⎟⎠ g
⎝

7

(10)

Total energy is then maximized with respect to velocity for a given total energy.
This technique assumes that potential energy and kinetic energy can be traded
back and forth in zero time with no loss of total energy and considers total energy
as a state variable. The authors however noted that, performance optimization
using this method leads to unrealistic discontinuities in velocity and altitude, but
the results of the study corresponded to zoom climbs or dives that appear in more
accurate solutions. The present approach considers the equations of motion but
presents a much simpler solution using the energy equation and solves for
velocity as the control parameter, thus by-passing the complex procedures of
variational Hamiltonian functions and approximation methods used by Bryson
and Munkund. The present method is also applicable to aircraft capable of both
subsonic and supersonic speeds.

1.1.3 Energy Displays
Sederstrom [6] conducted a sponsored research by Honeywell on aircraft’s
systems energy management. The research resulted in the fabrication and flight
test of an analog energy/energy rate meter. The program was focused on
determining the feasibility and utility of a relatively simple display concept. The
display is an instrument panel meter that displays energy rate and energy state of
the aircraft and aids energy maneuverability, performance calibration, throttle
settings as well as efficient establishment of steady-state flight conditions. In the
analysis, velocity was considered as the control parameter. Airspeed and altitude
tradeoffs were accomplished with the aircraft’s elevator input and were assumed
8

to occur quickly enough to be considered instantaneous. The energy rate was
computed using on-board measured values by the equation,
•

E = V(a l cosα − a n sinα )/g

(11)

Where, aℓ is the longitudinal acceleration, an is the normal acceleration and α is
the angle of attack. Excess power contours and optimal flight paths were
generated from the data analysis. The meter format was generated with a hybrid
computer and an oscilloscope display. Sederstrom used a man-in-a loop
simulation to evaluate the various types of command paths in the form of meter
overlays. The display was successful in establishing steady flight conditions,
conducting performance calibrations and in providing optimal trajectory
commands in the form of meter overlays. The display was also helpful in setting
up flight conditions quickly and accurately and in providing throttle setting aids
for fuel-time trade-offs and maneuverability technique development for minimum
loss of energy in turns.
Figure 1 shows a diagram of the meter which is contained in a standard
three-inch case and is about 7.5 inches long. Figure 2 shows a diagram of the
meter overlays and it relationship with energy contours. The meter is made up of
two indicator dials; the energy indicator designates the specific energy of the
aircraft and the energy rate indicator displays the rate at which the aircraft is
transitioning between energy levels. The scales on the outside of the dial show the
flight envelope in terms of maximum altitude and maximum Mach number for
flight at selected number of g’s. The meter has also been useful in training and
instruction in energy management.
9

The analog meter does not present the airspeed to fly even though it
computes and displays energy and energy rate using on-board measured values
and indicates it to the pilot with two different dials. This could give the pilot an
extra work load in trying to interpret and collate the dial on a mission. The present
study uses a new technique and is programmed with LabVIEW software to
displays the airspeed to fly and the real-time specific excess power in a digital
format which can reduce the pilot’s work load on a mission.

1.2

Objectives
The objective of this research is to develop and evaluate the feasibility and

utility of a real-time energy management display that provides guidance and
information on the aircraft’s energy state. The utility of the display is investigated
for flying along constant specific excess power contours, flying specific excess
power contour equal to zero, and directly obtaining specific excess power
contours from level acceleration flight test. The display is also investigated for
flying optimal paths.

10

CHAPTER 2: ENERGY TECHNIQUES THEORY
Known values of specific excess power, Ps may be used to obtain the rate
of climb and the acceleration capabilities of an airplane. The method developed
by Edward S. Rutowski [2] for solving aircraft’s performance problems is based
on the total energy of the airplane. The total energy of an airplane is the flight
sum of its potential energy, as reflected by its altitude and its kinetic energy, as
shown by its airspeed or Mach number.

2.1

Climb Performance Theory
There are two approaches used to derive the theory of climb performance

[7]; Newton’s approach based on Newton’s second law and Energy approach
which is sometimes called the Rutowski energy method [2] for Edward Rutowski
who is credited for developing them.

2.1.1

Newton’s Approach
Newton’s second law states that force is the product of mass and

acceleration. The approach considers an aircraft in a climb and assumes that; the
angle of attack is small with the thrust line acting along the direction of flight, and
that the aircraft is both climbing and accelerating in the direction of flight [7] as
shown in Figure 3.
Newton’s second law can be expressed as,

11

∑ F = ma = m

Where mass, m =

dV W dV
=
dt
g dt

(12)

W
dV
, acceleration, a =
and F denotes force.
g
dt

From the vector diagram shown in Figure 3, the forces along the x and z-axis are
summed as follow,

∑ FX = T cos(α + φT ) − D − W sinγ = 0

(13)

∑ FZ = −Tsin(α + φT ) − L − W cosγ = 0

(14)

Assuming small angles, the small angle approximation may be used where,

cos(α + φT ) ≈ 1

and

sin(α + φT ) ≈ 0

Equations (13) and (14) are then simplified to,

T = D + Wsinγ

(15)

L = Wcosγ

(16)

Where, T denotes thrust, L is the lift and γ is the climb angle.
We may substitute equation (15) into equation (12) to get,
ΣF = ma = T − D − W sinγ =

W dV
g dt

(17)

We then divide through equation (17) by weight, W, multiply through by velocity,
V and simplify the equation to obtain specific excess power as shown in equation
(18).
Ps =

V(T − D)
V dV
= W sinγ +
W
g dt

12

(18)

Alternatively, if we examine Figure 3, specific excess power can also be
determined as follows;
First, we rewrite equation (15) in the form,
sinγ =

T−D
W

(19)

Vv is the vertical velocity of the aircraft and can be defined as the change in
altitude with respect to time. It is also known as the rate of climb, ROC and can
be written as,
Vv =

dH
= ROC = Vsinγ
dt

(20)

Equation (20) may be written as,
Vv
= sinγ
V

(21)

We then substitute equation (21) in equation (19) and simplify to obtain,
Vv =

(T − D )V = TV − DV = PT − Preq
W

W

W

= ROC

(22)

Where PT denotes the thrust power and Preq denotes power required. At maximum
power, Vv in equation (22) can be expressed in terms of excess thrust power, Pex
as in equation (23).
Pex
T − DV Pav − Preq dH
= Vv = ROC = av
=
=
= Ps
W
W
W
dt

(23)

Where Ps is the specific excess power, Pav denotes the available power, Tav
denotes the thrust available and

dH
is the change in altitude with respect to time.
dt

The speed for best climb may then be determined as the velocity at which specific
13

excess power is maximized (available power minus power required) for constant
values of specific energy. From these equations, the curve from a plot of available
power and power required essentially define the total performance of the aircraft.
Maximum rate, Vy and maximum angle of climb airspeeds, Vx may be determined
from the rate of climb versus airspeed plot. Vy is the velocity along the plot that
equates to the maximum rate of climb. The rate of climb determined is equal to
the specific excess power of the airplane.

2.1.2

Energy Approach
The energy approach is the second method used to determine the rate of

climb of an airplane. This method is based on the principle of total energy. The
total energy of an object is the sum of its’ potential energy, P.E and kinetic
energy, K.E. This can be expressed as follows;

P.E = mgH

(24)

mV 2
2

(25)

K.E =

Hence, Total energy may be expressed as,

E = mgH +

mV 2
WV 2
= WH +
2
2g

(26)

Where, E denotes total energy. Specific energy, Es can be calculated by dividing
the total energy equation by the aircraft’s weight. This yield,

Es = H +
Where E s =

V2
2g

E
W
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(27)

At constant values of specific energy, Es we obtain a maximum altitude when the
airspeed is equal to zero ‘no acceleration’ (this means kinetic energy is given in
exchange for potential energy). On the other hand, the airspeed would be
maximized when the altitude is equal to zero. This means potential energy is
given in exchange for kinetic energy. Specific energy, Es also known as energy
height may be defined as the maximum speed an aircraft could achieve if all of its
potential energy were converted to kinetic energy or the altitude a flight vehicle
would reach if all of its energy were converted into potential energy. This
definition makes it possible to plot lines of constant specific energy on an
altitude-velocity or Mach number diagram as shown in Figure 4. From Figure 4,
any point on the specific energy line is defined by its potential energy (altitude)
and its kinetic energy (velocity). If the total energy of the airplane remains
constant, movement on the energy heights can only be along constant specific
energy. In other words, the airplane can travel from point A to B or B to A trading
potential and kinetic energies. The performance capability of an aircraft can be
defined as the ability to change energy states with respect to time.

This is

obtained by differentiating specific energy, Es with respect to time as follows;
Ps =

Where

dE s dH V ⎛ dV ⎞ (T - D)V
=
+ ⎜
⎟=
dt
dt g ⎝ dt ⎠
W

dV
is the change in speed with respect to time and specific excess power
dt

can be calculated by any of the expressions in equation (28).

2.2

(28)

Maximum Rate of Climb Path
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To obtain a maximum rate of climb path, we connect the points where the
altitude lines are tangent to the specific excess power lines as shown in Figure 5.
Also the path for minimum time is along the points where the specific energy, Es
lines are tangent to the specific excess power, Ps lines as shown in Figures 6 and 7
for subsonic and supersonic conditions respectively. The maximum energy climb
schedule gives a path defined by altitude and velocity or Mach number for
transitioning from one energy level to a higher level in a minimum time. Every
point on the maximum energy climb schedule represents the maximum Ps for that
energy height which will get the aircraft to an energy level faster than any other
schedule. However, the potential energy is lower than in the maximum rate of
climb with kinetic energy making up the difference. The maximum energy climb
schedule will give the minimum time between two energy levels. The airplane is
assumed to translate from one energy level to the other instantaneously, and
without energy loss, along lines of constant energy height. In such schedules, the
pilot uses a minimum time and energy for the maneuver.

2.2.1

Optimum Energy Path
Once the specific excess power of a given airplane is known, lines of

constant specific excess power, Ps can be plotted on the specific energy plot as
shown in Figures 6 and 7 for subsonic and supersonic aircraft respectively. The
peaks of the curves represent the speed at which the maximum specific excess
power occurs at each altitude. Each peak is also the speed for maximum
instantaneous rate of climb at that altitude for an aircraft flying at constant true
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airspeed. To obtain the path for minimum time to change energy states, we
connect the points where the specific energy lines are tangent to the specific
excess power lines as shown in Figures 6 and 7. By flying the points where the Ps
contours are tangent to the lines of constant energy heights, a schedule for the
minimum time to achieve an energy state, or maximum rate of total energy
addition is developed. This is the optimum energy climb schedule.
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CHAPTER 3: FLIGHT TEST TECHNIQUES
3.1

Flight Test Techniques Used To Obtain Energy Plots
The measure of sustained maneuverability can be investigated with plots

of specific excess power and specific energy curves. These plots are obtained by
conducting level performance and climb performance flight test at different
altitudes. The change in altitude with respect to time as the aircraft accelerate are
recorded and used to compute the specific excess power for the different altitudes.
Values of constant specific excess power for the different altitudes are selected
and their corresponding altitudes plotted versus their respective airspeeds. The
flight test techniques used are described in the next section and are based on the
kinematical term in equation (28) which is written as,
Ps =

3.1.1

dH V ⎛ dV ⎞
+ ⎜
⎟
dt
g ⎝ dt ⎠

(29)

Climb Performance Analysis
The flight test technique used for climb performance analysis is called

steady climb. This method is also known as “saw tooth climbs”. The steady climb
method is mainly used to determine the best rate of climb and best angle of climb
airspeeds. For this method, climbs are conducted at various airspeeds and
altitudes and should last for three to five minutes at each airspeed. Two climbs
are conducted at each airspeed and altitude in opposite directions in order to
18

cancel wind gradient effect on the aircraft’s climb rate. Conducting climbs across
known wind directions help to minimize the wind effects. The climb rate,

dH
, is
dt

calculated by dividing the change in altitude by the time required to climb the
altitude band.

Because a constant airspeed is maintained, this climb rate

represents the specific excess power, Ps, of the aircraft. In other words, the
V ⎛ dV ⎞
dH
, as
⎜
⎟ term in equation (29) is neglected and Ps is computed as, Ps =
g ⎝ dt ⎠
dt

in equation (23). Values of constant specific excess power for the different
altitudes are selected and their corresponding altitudes plotted against the
respective airspeeds to obtain specific excess power contours.

3.2

Level Acceleration Method
The level acceleration method is generally used for high performance

aircraft. Conducting level accelerations aids in the determination of the aircraft’s
velocity change with respect to time, dV/dt, in even increments and at a constant
altitude and hence, its specific excess power, Ps. During a level acceleration flight
test, the aircraft is decelerated to just above the level stall speed and stabilized at
the test altitude. The instrumentation is started and the desired power setting is
then applied. The aircraft is then held at the test altitude by rotating the nose
downward as the aircraft increases airspeed. The level acceleration is stopped
when the aircraft stabilizes at its maximum level flight airspeed. During the
acceleration, the altitude is held constant and any deviations and their magnitude
from the test altitude recorded. Since a constant altitude is maintained, the dH/dt
19

term in equation (29) is neglected and the specific excess power, Ps is calculated
as in equation (30).
Ps =

V ⎛ dV ⎞
⎜
⎟
g ⎝ dt ⎠

(30)

Specific excess power is then determined for each selected airspeed using
equation (30). The level acceleration is repeated for different altitudes and plots of
specific excess power, Ps (or rate of climb) versus airspeed determined. Values of
constant specific excess power for the different altitudes are selected and their
corresponding altitudes plotted against the respective airspeeds to obtain specific
excess power contours.
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CHAPTER 4: METHODOLOGY
4.1

Direct Velocity Solution For Constant Specific Excess Power Paths.
The energy state of the aircraft is considered from the point of view of the

relation that exists between specific excess power and forces in flight. Specific
excess power, Ps is directly proportional to excess thrust (T-D) and velocity, and
inversely proportional to weight. The drag equation is then substituted into the
relation and the equation simplified. The approach yields as one result a cubic
function for the specific excess power, Ps of the aircraft. We then directly solve
for velocity, V for the given specific excess power, Ps as a function of altitude, H
with the assumption that weight, wing reference area, drag coefficient, density
and aircraft’s thrust are known or calculated for altitude, H.
Solution to the cubic equation yields three roots and an algorithm is
defined to select the highest positive root as the target airspeed. The algorithm
ignores negative and imaginary values. The velocity selected is then plotted on an
altitude/velocity plot to define a trajectory for a constant specific excess power
contour. The technique leads to defining the path of minimum time to change
from one combination of speed and altitude to another.
Specific excess power, Ps is defined as the time derivative of specific
energy and also as a measure of the engine-airframe’s capability to change energy
levels; climb, descent, acceleration or deceleration for a given airspeed , altitude ,
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configuration, and power setting. In flight, airspeed (or Mach number) tradeoffs
occur quickly enough to be considered instantaneous and so climbs or dives along
the energy level curves takes little or no time with no losses. Use is made of this
phenomenon in the approach flying on a constant specific excess power contour.
The technique assumes that weight, drag and thrust are constant for a small
transition as the algorithm calculates each step forward (This is further discussed
in section 4.1.3). The equation is derived from the basic energy principle which
assumes that conservation of mechanical forces permits the exchange of potential
energy and kinetic energy in zero time with no losses. The aircraft is considered
to be a point mass with the mass located at the center of gravity and conservative
forces assumed to be non-dissipative. The approach is possible since energy levels
can be defined by two variables, velocity and altitude.
Total energy is the sum of potential energy and kinetic energy and may be
expressed as illustrated in equation (26). Specific energy, also called Energy
height, is obtained dividing through equation (26) by the aircraft’s weight, W or
mg as shown in equation (27). Specific energy is a function of altitude, H and
velocity, V. This is expressed as;

E S = f(H, V, g)

(31)

Specific excess power, Ps can be related to forces, where specific excess power is
a function of thrust and drag as in equation (32).

PS = f(H, V, T, D)
Equations (31) and (32) can be further expressed as,
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(32)

dH V dV
⎛T−D⎞
+
PS = ⎜
⎟V =
dt
g dt
⎝ W ⎠

(33)

From equation (33), (T-D) V= (force) (velocity) = power, and power divided by
weight = specific power. In other words, specific excess power, Ps is directly
proportional to excess thrust (T-D) and velocity, V and inversely proportional to
weight, W. Drag is a function of density, velocity, reference area and drag
coefficient and is given by the relation,
D = 12 ρV 2 SC D

(34)

Hence, drag can be substituted in equation (33) and the equation expressed as,

⎛ T − ( 12 ρV 2SC D )
PS = ⎜
⎜
W
⎝

⎞
⎟V
⎟
⎠

(35)

Equation (35) may be simplified to equation (36) as,
⎛ ρSC D
⎜
⎜ 2W
⎝

⎞ 3 ⎛T⎞
⎟V − ⎜ ⎟V + PS = 0
⎟
⎝W⎠
⎠

(36)

The form of equation (36) is a cubic function which can be solved mathematically
for the values of V, which are the three roots of the equation. The known
variables in equation (36) are density, reference area, lift coefficient, weight and
thrust, hence we can directly solve for velocity, V for a given constant specific
excess power, Ps as a function of altitude, H.

4.1.1 Solution To The Cubic Function
The cubic function expressed in equation (36) may be solved by the
method in reference [9] as follows;
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We first simplify equation (36) by defining arbitrary variables C1 and C2 where,
⎛ ρSC D
C1 = ⎜
⎜ 2W
⎝

⎞
⎟
⎟
⎠

(37)

And,
⎛T⎞
C2 = ⎜ ⎟
⎝W⎠

(38)

Equations (37) and (38) are then substituted in equation (36);
C1V 3 − C 2 V + PS = 0

(39)

The general form of a cubic equation is as shown in equation (40),

ax 3 − bx 2 − cx + d = 0

(40)

Comparing equation (40), the general form of a cubic equation to equation (39),
we see that equation (39) is in the exact form of a cubic function where, a=C1,
b=0, c=C2, d= Ps and x=V.
To solve the cubic equation, we define a variable ‘f’
Where,
⎛ − 3C 2
f = ⎜⎜
⎝ C1

⎞⎛ 1
⎟⎜
⎟⎜ 3
⎠⎝

⎞ − C2
⎟=
⎟
C1
⎠

(41)

⎞
⎟
⎟ Ps
⎟=
⎟ C1
⎟
⎠

(42)

Next we define ‘g’
Where,
P
⎛
⎜ 27 s
⎜ C1
g=⎜
⎜ 27
⎜
⎝

Then we define ‘h’
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Where,
⎛ g2
h=⎜
⎜4
⎝

⎞ ⎛ f3
⎟+⎜
⎟ ⎜ 27
⎠ ⎝

⎞
⎟
⎟
⎠

(43)

Solution to cubic equations yields three roots. Generally, there can be three
possibilities in the solution [9]. We can have a situation where ‘h’, equation (43)
is less or equal to zero (h≤0); In this case, were will have 3 real roots. We can also
have ‘h’ to be greater than zero (h>0); this will yield only one real root and two
imaginary roots. Finally, we can have a special case where f, equation (41), g,
equation (42) and h, equation (43) are all equal to zero (f=0, g=0 and h =0). This
will yield three real and equal roots.
In the first case where we have 3 real roots, the equation is solved as follows;
Define ‘i’ where,
⎛ g2
⎞
i = ⎜ − h⎟
⎟
⎜4
⎝
⎠

1/2

(44)

Next, we define variables j and k;
Where,

j = (i)1/3

(45)

And,
⎛−g
k = cos −1 ⎜
⎜ 2i
⎝

⎞
⎟
⎟
⎠

(46)

We now define arbitrary variables L, M, N and P where,

L = −(i)
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(47)

⎛k
M = cos ⎜
⎜3
⎝
N=

⎞
⎟
⎟
⎠

( 3 )Sin ⎛⎜⎜ k3
⎝

(48)
⎞
⎟
⎟
⎠

(49)

And,
⎛0 ⎞
⎟=0
P = −⎜
⎜ 3C1 ⎟
⎝
⎠

(50)

The roots of the cubic equation are obtained by substituting equations (45), (47),
(48), (49) and (50) in equations (51), (52) and (53) as shown below.

V1 = 2jM − P

(51)

V2 = L(M+ N) + P

(52)

V3 = L(M − N) + P

(53)

For the second case where only one root is real, (h>0), the cubic equation is
solved as follows;
Define an arbitrary variable Q where,
⎛ g
Q = −⎜
⎜2
⎝

⎞
⎟ + (h )1/2
⎟
⎠

(54)

And where g is equation (42) and h is equation (43).
Next we define variables S, B and U where,

S = (Q)1/3
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(55)

⎛ g
B = −⎜
⎜2
⎝

⎞
⎟ − (h )1/2
⎟
⎠

(56)

And,

U = (B)1/3

(57)

The roots of the cubic equation are obtained by substituting equations (50), (55)
and (57) in equations (58) (real root), (59) and (60) (imaginary roots) as follows;

⎛ 0 ⎞
⎟⎟
V1 = S + U − ⎜⎜
⎝ 3C1 ⎠

(58)

⎛ 31/2 ⎞
⎛S+ U ⎞ ⎛ 0 ⎞
⎟⎟ + i(S − U )⎜⎜
⎟⎟
V2 = −⎜
⎟ − ⎜⎜
⎝ 2 ⎠ ⎝ 3C1 ⎠
⎝ 2 ⎠

(59)

⎛ 31/2 ⎞
⎛S+ U ⎞ ⎛ 0 ⎞
⎜
⎟
⎜⎜
⎟⎟
(
)
V3 = −⎜
i
S
U
−
−
−
⎟ ⎜
⎟
⎝ 2 ⎠ ⎝ 3C1 ⎠
⎝ 2 ⎠

(60)

Where, ‘i’ in equations (59) and (60) denote imaginary.
Finally, when we have h=0, f=0 and g=0 and all three roots are real and equal, the
cubic equation is solved as follows;
⎛ P ⎞
V1 = V2 = V3 = −⎜⎜ s ⎟⎟
⎝ 3C1 ⎠

1/3

(61)

Where, Ps is as defined in equation (39). As explained above, the solution yields
three roots, V1, V2, and V3 from three possible solutions depending on the values
of C1, C2 and Ps as defined in equation (39). That is either, 3 real roots, 1 real root
and 2 imaginary roots, or 3 real and equal roots. In the model developed in this
study, we are only interested in the first case which yields 3 real roots. The result
for the 3 real roots are; one negative root and 2 positive roots. The two positive
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roots consist of one small root (velocity) and one large root (velocity). The
solution algorithm presented is defined to selects the largest positive root as the
desired airspeed. Imaginary values and negative values are neglected since
solutions containing these numbers were found not to be reasonable airspeed
values.

4.1.2 Analytical Calculation
An analytical calculation has been performed to calculate for velocity by
substituting known and calculated values for the parameters in the cubic function
in equation (36). Mach number, drag coefficient and thrust values were generated
by interpolating in a grid plot of drag coefficient and thrust coefficient versus
Mach number [10]. Thrust coefficient is interpolated from a plot of thrust
coefficient versus Mach number and thrust is calculated from the relation,

T = CT qS

(62)

Where,
q=

1 2
M Pλ
2

(63)

λ is the ratio of specific heat and P is pressure which is calculated from the
relation,

⎛T ⎞
p = p o ⎜⎜ ⎟⎟
⎝ To ⎠

− (g/aR)

(64)

Density is calculated from the relations,

(

ρ = ρ o 1 − 6.875x10 -6 H
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)

4.2561

(65)

And,

⎛T
ρ = ρ o ⎜⎜
⎝ To

⎞
⎟
⎟
⎠

−[(g/aR)+1]

(66)

Equations (65) and (66) represent the density for the troposphere. The weight of
the aircraft is calculated from the difference between the initial weight, Wi and the
final weight, Wf at any time as in equation (67). The solution for the model is
simplified in the flow diagram shown in Figure 8.

W = Wi − Wf
4.1.3

(67)

Assumption of Constant Thrust
The assumption that weight, drag and thrust are constant is made in the

model defined. As shown in Figure 9, a constant thrust is assumed for a small
change in airspeed and altitude from T1 to T2, T2 to T3 and continues in that order.
This assumption is possible because the time to travel from T1 to T2 and
subsequent steps with change in altitude, H is assumed to be very small. In the
display, the airspeed computed is plotted from point to point and increases as the
altitude increases. The flight profile on the altitude versus Mach or velocity plot is
created by setting the initial conditions and using a computational solver to move
forward in time. The time rate of change is the length of the time step. This time
value is multiplied by the velocity computed to give the next step ahead and the
subsequent steps forward are computed in the same process to reach the final
destination altitude.
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4.2

Real-Time Energy Management Display
The real-time energy management display is programmed with the aid of

LabVIEW version 8.5 software and installed in the UTSI Aviation Systems
engineering flight simulator. The display format is shown in Figures 10a and 10b.
The display has different front views and displays flight parameters depending on
which parameters are selected. Figure 10a shows view 1, which displays density,
thrust, weight, drag coefficient, drag, density ratio, the three roots (velocities)
computed, desired specific excess power, airspeed, real-time Ps, target airspeed in
ft/s and ktas, the plot for altitude versus airspeed and a stop button. The program
algorithm selects the third root on the display as the target airspeed. Figure 10b
shows view 2, which displays Mach number, elapse time, altitude/altimeter and
attitude direction indicator. During a flight test, only the target airspeed and the
real-time Ps or the parameters needed may be selected to be displayed. This helps
to reduce information clutter and ease pilot workload. The display can also be
resized to fit the screen of the computer or flight data recorder being used. The
display outputs all the parameters shown on the front panel into a text file that can
be used for data analysis. The display is initiated by clicking the play button and
stopped by clicking the stop button. The real-time energy management display
can be installed on a hand held data acquisition system, any computer in the
aircraft or in any flight simulator for flight test.
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CHAPTER 5: RESULTS AND ANALYSIS

5.1

Evaluation Flight Test
The real-time energy management display has been evaluated for flying

along constant specific excess contours, generating direct specific excess power
contours from level acceleration flight tests and in providing information about
the aircrafts energy state for flying optimal paths. Specific excess power values
computed from the conventional method in the flight simulator were inputted into
the display under the same conditions of thrust, drag, weight and density to verify
the accuracy of the airspeed computed by the technique. Aircraft performance
analysis in the form of excess power contours were generated with data from a
Piper Saratoga aircraft and an X-30 aircraft in the University of Tennessee Space
Institute’s engineering flight simulator using the conventional/classical method.
The purpose of this test was to compare the specific excess contour directly
generated from the present study with that generated by the conventional method
and evaluate its accuracy and its validity. The accuracy of the flight simulator’s
data was also checked for the evaluation.
The simulator flight test was performed by conducting level acceleration
flight tests at different altitudes and the data recorded used to compute the specific
excess power for both aircrafts. Figures 11 and 12 depict the plots of specific
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excess power versus airspeed for the Piper Saratoga and the X-30 respectively.
An altitude-velocity plot was generated which shows the corresponding constant
specific excess contours for the different altitudes. The plots are shown in Figures
13 and 14 for the Piper Saratoga and X-30 respectively. The Piper Saratoga was
evaluated for subsonic flights at altitudes ranging from 2000 ft to 10,000 ft, and
airspeeds ranging from 180 ft/s to 350 ft/s. The X-30 aircraft was evaluated for
supersonic flights at altitudes ranging from 10,000 ft to 80,000 ft and from Mach
0.7 to Mach 16. The simulator test revealed that altitude decreases with Ps; hence
the Ps contours on the altitude versus true airspeed or Mach number plots were
turned upside down for both aircrafts as depicted in Figures 13 and 14. This
problem was investigated and explained in section 5.2.
The Piper Saratoga’s Ps contours generated from the flight simulator were
standardized and compared with data taken from an actual flight test (Figure 15)
with the UTSI Piper Saratoga at altitudes 4000 ft and 5000 ft. Figure 16 shows
the comparison plots for both actual and simulator flight tests which showed a
slight variation. The comparison with an actual flight test helped to check the
accuracy of the data from the flight simulator as well as the specific excess
contours calculated. At both altitudes, the actual flight test started at a minimum
airspeed of 130 ft/s and reached a maximum level flight speed of 250 ft/s. At
altitude of 4000 ft, the actual flight test had a maximum specific excess power of
12.3 ft/s at airspeed of 190 ft/s. At 5000 ft, the maximum specific excess power
was 13.3 ft/s at airspeed of 230 ft/s. On the other hand, the flight simulator test
started at a minimum airspeed of 180 ft/s and reached a maximum level flight

32

speed of 350 ft/s. Also the flight simulator test had a maximum specific excess
power of 15.9 ft/s and 14.2 ft/s at altitudes 4000 ft and 5000 ft respectively and
both occurred at airspeed of 275 ft/s. From Figure 16, a variation of 3.6 ft/s and
0.9 ft/s specific excess power for the maximums was observed for altitudes 4000
ft and 5000 ft respectively. The variation in maximum level flight speed for both
flights was 100 ft/s. The variations of the data from the flight simulator when
compared with the actual flight test are considered acceptable for the model
aircraft used. The data from the flight simulator proved valid for the evaluation
since it compared near accurate to the data from the actual flight test.
The display developed has been installed in the UTSI’s engineering flight
simulator and various flight test conducted to evaluate its application. Data output
from the flight simulator was linked to the display to provide real-time data
(density, thrust, weight, and drag) for the computation. The evaluation flight tests
are explained in the next section.

5.1.1

Flying Constant Specific Excess Power Contours
Flight tests have been conducted in the flight simulator with both the Piper

Saratoga and the X-30 to investigate the feasibility and the utility of the display
for flying along constant specific excess lines. Ps values, 500 ft/s, 4000 ft/s and
10,000ft/s were inputted into the display for evaluation of the X-30. The aircraft
was then flown being guided by the airspeed which the program calculates (target
airspeed). The real-time Ps was also monitored and kept constant or near constant.
The real-time Ps was then plotted versus Mach number as shown in Figures 17

33

and 18. Ps, 4000 ft/s and 10,000 ft/s were compared with the corresponding
specific excess contours, 4000 ft/s and 10,000 ft/s, generated by the conventional
method to check deviations and accuracy. The constant Ps, 500 ft/s flown was
more accurate and had a band of plus and minus 50 ft/s as shown in Figure 18.
The test revealed that, as the airspeed increases, it becomes difficult to hold the Ps
constant and also once the aircraft deviate from the path, it is difficult to get back
on the constant track. This occurred during the test and is more for the Ps of
10,000 ft/s. However, with constant practice and more experience in flying
aircrafts, flight on a constant Ps can be achieved. The Piper Saratoga was
evaluated for constant Ps values, 2 ft/s and 14 ft/s. The plots are shown in Figure
19. The flight test revealed that the Piper Saratoga does not have much excess
thrust; hence it was difficult maintaining a constant Ps. For this same reason,
when Ps values higher than 2 ft/s were inputted in the display, the airspeeds
computed were very low and sometimes comprised negative and imaginary
numbers which are not reasonable for flight. For the Piper Saratoga, the real-time
Ps was monitored and the aircraft pitched up or down to maintain the constant Ps
since the target airspeeds computed were not useful for flight. The display has
proved more effective for flying constant Ps in the X-30 than in the Piper
Saratoga.
The feasibility of flying a specific excess power equal to zero was also
investigated. A Ps of zero was inputted in the display and the airplane was flown
as the pilot monitored the real-time Ps and tried to maintain a Ps value of zero. It
was difficult maintaining a specific excess power of zero during the flight test.
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This test revealed that once the aircraft deviates from the desired Ps, it is difficult
to return to the track. However it could be achieved by constant practice. Flying a
zero specific excess power contour would require a highly skilled pilot who is
acquainted with energy management techniques. Also, results of the display
revealed that, when a Ps of zero is inputted, the airspeeds computed comprise zero
and negative values and are not reasonable for flight; hence, the real-time Ps was
monitored to maintain the Ps of zero. The plots of Ps versus Mach number are
depicted in Figures 20 and 21 for the Piper Saratoga and the X-30 respectively.

5.1.2 Direct Specific Excess Power Contours From Level Acceleration Flight
Test.
Aircraft performance analyses were performed by conducting level
acceleration flight tests at different altitudes for both the Piper Saratoga and the
X-30. The direct specific excess power values computed by the display were then
plotted versus their respective airspeeds and Mach numbers for the piper Saratoga
and the X-30 respectively. Figures 22 and 23 depict the plots of for Piper
Saratoga and the X-30 respectively. Both plots are representative of Figures 11
and 12 which were generated by the conventional method at the same altitudes.
Figures 24 and 25 depicts the comparison plots for the Piper Saratoga (3000 ft and
10,000 ft), and the X-30 (30,000 ft and 70,000 ft) respectively. The cause of the
irregularities and scattered points below the curves are due to elevator inputs to
maintain level flight. This caused a resultant disturbance of the flight path and
hence the real-time Ps computed. A smooth curve as shown by the dotted lines in
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Figure 24 can be drawn through the data to represent the maximums of the curves.
The test revealed that when the airplane is pitched down, the thrust starts
reducing; hence the Ps computed starts reducing through zero to negative values.
The display returns to the normal Ps values once the aircraft is leveled.
The direct Ps may be plotted versus the airspeed or Mach number from the
data file output. The direct specific excess power values representing the different
altitudes and airspeeds or Mach numbers may then be selected by drawing
horizontal lines through each Ps on the vertical axis and selecting the Ps
corresponding to each altitude and their respective airspeeds or Mach numbers.
An altitude versus velocity/Mach number plot is then generated which is a
representative of the specific excess contours generated by the conventional
method. The use of the display to generate direct Ps has succeeded.

5.1.3 Optimal Flight Paths
A simulated flight test was conducted to investigate the feasibility of using
the display to generate data for optimal trajectories for the X-30 with the aim of
traversing from one specific excess power contour to the other to gain altitude and
with no energy losses. Specific excess power values (2000 ft/s, 5000 ft/s, 7000
ft/s, 10,000 ft/s and 15,000 ft/s) generated by the conventional method were used
in this test. The test was conducted by first inputting the initial specific excess
power in the display. The pilot then flew the airplane being guided by the airspeed
(target airspeed) computed by the display. The real-time Ps was monitored and
once the maximum was reached and it started to peak out, the next Ps representing
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the next higher altitude was inputted into the display. The display then
recalculated the next target airspeed to give further guidance to the pilot. At this
point the airplane traverses from one Ps (lower) to the other (higher) as the pilot
flies the target airspeed. The procedure was repeated for each next higher altitude
until the final destination was reached. Figure 26 depicts the plot of specific
excess power versus Mach number for this technique from altitudes 5000 ft to
70,000ft. The use of the display in flying an optimal flight path proved difficult to
fly since the pilot had to combine monitoring the target airspeed and specific
excess power and also input a next Ps to transition to a higher altitude.

5.2

Specific Excess Power Contours From Flight Simulator.
The specific excess contours generated from the X-30 aircraft were

supposed to show a change (an increase) in airspeed at supersonic flights. This
normally occurs during the transonic boundary at Mach 1. This did not occur in
the flight simulator for a variety of reasons. Rather the airspeed stayed near
constant until the aircraft stabilized at its maximum level flight speed. As a result,
the specific excess contours generated from the flight test did not accurately
depict the specific excess power for the supersonic region. On the other hand, the
representation was accurate for the subsonic region. A number of reasons could
account for this. A possible reason could be how the environment is modeled in
the x-plane flight simulator. Drag, density and temperature changes at different
altitudes and it is possible that these environments were not modeled accurately to
represent the real environment. It is also possible that, the X-30 was modeled to
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represent the specific excess power contour generated by this flight test. An actual
flight test data for the X-30 aircraft was not available for comparison to the flight
simulator data.
In flight and during level acceleration flight tests, Ps decreases with
increasing altitude. This did not occur with the model aircraft used in the flight
simulator. As shown in Figures 11 and 12, Ps decreased with decreasing altitude,
hence the altitude versus true airspeed and Mach number plots shown in Figures
13 and 14 are turned upside down. A probable cause of this problem is how thrust
is modeled for the aircraft used in the simulator. To investigate the cause of this
problem, the thrust and drag models at a low and a high were analyzed and
compared for both aircrafts.
Figure 27 depicts the time histories of airspeed for the X-30. The plot
illustrates higher accelerations at high altitudes for constant thrust. Figure 28
depicts the time histories of thrust and drag at altitudes 10,000 ft and 70,000 ft.
The maximum constant thrust was 1,400,000 lbf at both altitudes. The maximum
drag at 10,000 ft was 1,400,000 lbf for the acceleration band and the maximum at
70,000 ft was 600,000 lbf. From figure 28, the excess thrust (T-D) at 10,000 ft
was 900,000 lbf. On the other hand, the aircraft had an excess thrust of 1,250,000
lbf at 70,000 ft. The aircraft had more excess thrust at higher altitudes; hence the
vehicle had higher accelerations with increasing altitude and therefore the Ps plots
depicted for the flight test.
Figure 29 depicts the time histories of airspeed for the Piper Saratoga.
Figure 30 depicts the time histories of thrust and drag at 2000 ft and 10,000 ft.
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The aircraft had an excess thrust of 270 lbf in the middle of the acceleration at
2000 ft and 0 ft/s at maximum level flight speed. On The other hand, at 10,000 ft
the aircraft had an excess thrust of 190 lbf in the middle of the acceleration, but
had 39 lbf excess thrust at maximum level flight speed. Comparing the maximum
thrust at altitude 2000 ft and 10,000 ft, the aircraft’s thrust dropped by only 4% at
10,000 ft. On an actual flight, thrust should drop by 26% at 10,000 ft [11]. This
did not occur in the flight simulator during the flight test, hence altitude decreased
with decreasing Ps. For this reason the altitude versus true airspeed plot is turned
upside down and depicts the opposite of what will occur on an actual flight. This
is further explained below using the “Gagg and Ferrar” chart and equation [11].
The “Gagg and Ferrar” equation states that, for a normally aspirated aircraft,
maximum power, Pe max may be defined by the equation;
(1 - σ) ⎞
⎛
Pemax = Pemax o ⎜ σ −
⎟
7.55 ⎠
⎝

(68)

Where Pemax o , is the maximum power at sea level and σ is the density ratio at
altitude. Available thrust for the Piper Saratoga may be calculated from the
equation,
Tav =

η p Pemax
V

(69)

Where η p is the propeller efficiency and V is the airspeed. Equation (68) may be
substituted into equation (69) to obtain,
(1 - σ) ⎞
⎛
η p Pe max o ⎜ σ −
⎟
7.55 ⎠
⎝
Tav =
V

39

(70)

Assuming same maximum airspeeds at 2000 ft and 10,000 ft, and a small
propeller efficiency, density and power ratios are interpolated from the Gagg and
Ferrar chat and the thrust ratio may be calculated as,

T10,000ft
T2,000ft

(1 - σ) ⎞
⎛
η p Pemax o ⎜ σ −
⎟
7.55 ⎠ ⎛ 0.72 ⎞
⎝
=
=⎜
⎟ = 0.74 ≈ 74%
(1 - σ) ⎞ ⎝ 0.97 ⎠
⎛
η p Pemax o ⎜ σ −
⎟
7.55 ⎠
⎝

(71)

This shows a 26% drop in thrust at 10,000 ft. On the other hand, the simulator test
had a maximum available thrust of 410 lbf and 350 lbf at 2000 ft and 10,000 ft
respectively. The thrust ratio at these altitudes may be calculated as;

T10,000ft
T2000ft

=

395
= 0.96 ≈ 96%
410

(72)

This shows a 4% drop in thrust at 10,000 ft and hence the Ps contours depicted by
the simulator flight test. However, this does not affect the application of the realtime energy management display. The display will produce Ps contours typical of
a real aircraft on an actual flight test.
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CHAPTER 6: CONCLUSIONS

A real-time energy management display has been implemented and flight
tested in the UTSI Aviation Systems flight simulator, with a Piper Saratoga
general aviation aircraft and an X-30 hypersonic aerospace plane. A six-degreeof-freedom model of a high performance plane (X-30) and a low performance
general aviation aircraft (Piper Saratoga) were used in the simulation test. The
utility of the real-time energy management display has been evaluated for
generating direct specific excess power contours from level performance flight
test and for achieving flights on constant Ps contours. The display developed has
proved to be useful in providing real-time guidance and in providing real-time
information on the aircraft’s energy state.
The method presented and real-time energy management display
developed can be used for any specific aircraft. The method used in the display’s
computation relies on the input of the correct initial conditions and parameters
specific to the aircraft being used. Flight test results have verified the accuracy of
the airspeeds computed by the technique in the present study when compared to
that recorded in the flight simulator.
The flight simulation results proved the display to be successful in
obtaining direct specific excess power contours from level acceleration flight tests
and in providing guidance for flights along constant specific excess power
contours at low airspeeds. However flights along zero specific excess power
contours and along constant Ps contours at very high speeds were not successful.
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Also flying constant Ps contours with the Piper Saratoga which flies at subsonic
speed was not successful. From the results of the flight test conducted, the use of
the display was not successful in flying optimal paths with its current structure.
The unsuccessfulness of the display in achieving these purposes was due to the
fact that the display’s guidance information is provided in a digital format which
is very sensitive, and tracking a number for guidance is nearly impossible.
Tracking a computed digital number which is a function of the airplane’s attitude
and real-time flight conditions is a difficult task and was impossible during the
simulation test.
In using the display, guidance is ignored when negative and imaginary
airspeed values are displayed. This normally occurs when the aircraft is suddenly
pitched down which causes a sudden drop in the airplane’s thrust and hence the
thrust input to the display. This results in negative and imaginary roots from the
computation. However, once the airplane is pitched up, the thrust increases again
and positive and non-imaginary roots results from the displays computation.
The display offers a few benefits in flight testing. It eliminates the tedious
and time consuming data reduction used in generating specific excess power
contours after a level acceleration flight test. Direct Ps can be readily obtained at
any altitude after a level acceleration flight. However, since thrust and drag
models are not available in actual flight tests, the display would have to be
modified to be applicable on an actual flight test. Thrust and drag models would
have to be developed to get thrust and drag inputs to the display.
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Also, based on the lessons learned, the display would have to be remodified to be successful in its applications; it has to be re-modified to present the
guidance information with a tracking indicator which provides the direction to fly.
Although application to flying optimal paths was not fully investigated under
different conditions, the display could be modified and its use extended in this
application to aid aircraft achieve missions to destination altitudes in a minimum
time and with a minimum energy. The real-time energy management display
could be integrated into an airplane’s flight planning system, onboard energy
management and performance management system for real-time monitoring. The
display is a useful research tool and would be useful in flight training and
instruction in energy management programs.
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Figure 1. En
F
nergy/Energyy Rate Meterr Used in F-44 Flight Testt From Referrence [6]
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Figure 2. Meter Overlays And its Relationship To Energy Contours Used in F-4
Flight Test From Reference [6].
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Figure 3. Vector Approach to Steady Climb.
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Figure 5. Maximum Rate of Climb Path on Specific Excess Power, Ps Plot.
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Figure 6. Optimum Energy Path on Specific Energy, Es Versus Airspeed or Mach
Number Plot.
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Figure 7. Minimum Time-To-Climb Path for a Supersonic Airplane.
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Figu
ure 10a. Reaal-Time Energy Manageement Displaay (View 1).

Figu
ure 10b. Reaal-Time Energy Manageement Displaay (View 2).
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Aircraft: Piper Saratoga
Engine: Lycoming 300hp
Configuration: Clean configuration(Max power)
Weight : 3600(lbs)
Flight Conditions: hpo ~ 2000-10,000 ft, Vo ~ 180-350 ft/s.
Method: Level Acceleration
20
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Figure 11. Specific Excess Power, Ps (ft/s) versus True Airspeed,
V(ft/s) for Piper Saratoga.
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 10,000-80,000ft , Mach~ 0.7-16.
Method: Level acceleration
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Figure 12. Specific Excess Power, Ps (ft/s) versus Mach
Number, M for X-30 aircraft.
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Aircraft: Piper Saratoga
Engine: Lycoming 300 hp
Configuration: Flaps Up
Gross Weight: 3600lbs
Flight Conditions: hpo ~ 2000ft & 10000ft, Vo ~ 180-350 ft/s
Engine Conditions Maximum Power Mixture Setting
Method: Level Acceleration
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Figure 13. Altitude, H (ft/) versus True Airspeed, V (ft/s) for
Piper Saratoga.
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 10,000-80,000ft , Mach~ 0.7-16
Method: Level acceleration
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Figure 14. Specific Excess Power, Ps (ft/s) versus Mach
Number, V (ft/s) for X-30 aircraft.
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20

Aircraft: PA32-301 Saratoga (N22UT)
Engine: Lycoming IO-540, 300 hp
Configuration: Landing Gear Down (non-retractable), Flaps Up
Weight: 3272 lbs. (Test), T/O 3304 lbs, Landing 3239 lbs
Center of Gravity: T/O 90.4 in, Landing 90.3 in
Flight Conditions: hpo ~ 3550-4600 ft, Vo~ 130-250ft/s OATo ~ 31°F
Engine Conditions: Engine Speed ~ 2500 RPM, MP~ 25 in. Hg,
Maximum Power Mixture Setting
Method: Level Acceleration
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Figure 15. Specific Excess Power, Ps (ft/s) versus Standardized
Airspeed, VIW(ft/s) for Piper Saratoga (Actual flight test).
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300

Aircraft: Piper Saratoga and X-30
Engine: Lycoming 300 hp
Configuration: Flaps Up
Gross Weight: 3600lbs
Flight Conditions: hpo ~ 4000ft & 5000ft, Vo ~ 130-250 ft/s and 190-350ft/s
Engine Conditions Maximum Power Mixture Setting
Method: Level Acceleration
18
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Figure 16. Specific Excess Power, Ps (ft/s) versus Standardized
Airspeed, VIW(ft/s) for Piper Saratoga (Actual and simulator
flight tests).
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 5000-70,000ft , Mach~ 0.7-10
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Figure 17. Specific Excess Power, Ps (ft/s) versus Mach
Number, M for X-30 aircraft. (Constant Ps =4000ft/s and
10,000ft/s)
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 8000-120,000ft , Mach~ 0.7-3.4
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Figure 18. Specific Excess Power, Ps (ft/s) versus Mach
Number, M for X-30 aircraft. (Constant Ps =500ft/s)
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Aircraft: Piper Saratoga
Engine: Lycoming 300hp
Configuration: Clean configuration(Max power)
Weight : 3600(lbs)
Flight Conditions: Ps ~ 2 and 14 ft/s, Vo ~ 150-355 ft/s.
30

25

Specific excess power, Ps (ft/s)
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Figure 19. Specific Excess Power, Ps (ft/s) versus True Airspeed,
V(ft/s) for Piper Saratoga. (Constant Ps=2ft/s and Ps=14ft/s)
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Aircraft: Piper Saratoga
Engine: Lycoming 300hp
Configuration: Clean configuration(Max power)
Weight : 3600(lbs)
Flight Conditions: hpo ~ 2000-10,000 ft, Vo ~ 180-350 ft/s.
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Figure 20. Specific Excess Power, Ps (ft/s) versus True
Airspeed, V(ft/s) for Piper Saratoga (Ps=0).
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 6000-50,000ft , Mach~ 0.7-3
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Specific excess power, Ps (ft/s)
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Figure 21. Specific Excess Power, Ps (ft/s) versus Mach
Number, M for X-30 (Ps=0).
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Aircraft: Piper Saratoga
Engine: Lycoming 300hp
Configuration: Clean configuration(Max power)
Weight : 3600(lbs)
Flight Conditions: hpo ~ 2000-10,000 ft, Vo ~ 150-355ft/s.
Method: Level Acceleration
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Figure 22. Specific Excess Power, Ps(ft/s) versus True Airspeed,
V (ft/s) (Direct Ps calculated by display)
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 10,000-80,000ft , Mach~ 0.7-16
Method: Level acceleration
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Figure 23. Specific Excess Power, Ps (ft/s) versus Mach
Number, M for X-30 aircraft. (Direct Ps calculated by display)
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Aircraft: Piper Saratoga
Engine: Lycoming 300hp
Configuration: Clean configuration(Max power)
Weight : 3600(lbs)
Flight Conditions: hpo ~ 2000-10,000 ft, Vo ~ 150-355ft/s.
Method: Level Acceleration
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Figure 24. Specific Excess Power, Ps (ft/s) versus True
Airspeed, V (ft/s) for Piper Saratoga (Conventional method and
Direct Ps from display)
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 10,000-80,000ft , Mach~ 0.7-16
Method: Level acceleration
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Figure 25. Specific Excess Power, Ps (ft/s) versus Mach
Number, M for X-30 aircraft. (Conventional method and Direct
Ps from display)
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 5000-70,000ft , Mach~ 0.7-10.
25000

Specific Excess Power, Ps (ft/s)

20000

15000

10000

5000

S

0
0

2

4

6

8

10

Mach Number, M

Figure 26. Specific Excess Power, Ps (ft/s) versus Mach
Number, M for X-30 aircraft. (Optimal flight path)
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 10,000-80,000ft , Mach~ 0.7-16.
Method: Level acceleration
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Figure 27. True Airspeed, V (ktas) versus Time, t(sec) for X-30
aircraft
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Aircraft: X-30
Engine: Rocket Engine
Configuration: Clean configuration(Max power)
Weight : 550,000(lbs)
Flight Conditions: hpo ~ 10,000 and 70,000ft , Mach~ 0.7-16.
Method: Level acceleration
Thrust , T (lbf) and Drag, D (lbf) versus Time, t (sec) ,10,000ft
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Figure 28. Time histories of Thrust, T (lbf) and Drag , D (lbf) at 10,000ft and
70,000ft for X-30 aircraft
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Aircraft: Piper Saratoga
Engine: Lycoming 300hp
Configuration: Clean configuration(Max power)
Weight : 3600(lbs)
Flight Conditions: hpo ~ 2000-10,000 ft, Vo ~ 180-350 ft/s.
Method: Level Acceleration
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Figure 29. True airspeed, V (ktas) versus Time, t(sec) for the
Piper Saratoga
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Aircraft: Piper Saratoga
Engine: Lycoming 300hp
Configuration: Clean configuration(Max power)
Weight : 3600(lbs)
Flight Conditions: hpo ~ 2000 and 10,000 ft, Vo ~ 180-350 ft/s.
Method: Level Acceleration

Thrust, T (lbf) and Drag, D (lbf) versus Time, t (sec) ,20,000ft
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Figure 30. Time histories of Thrust, T (lbf) and Drag , D (lbf) at 2,000ft and
10,000ft for X-30 aircraft.
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